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We suggest a new spin orientation mechanism for localized electrons: dynamic electron spin
polarization provided by nuclear spin fluctuations. The angular momentum for the electrons is
gained from the nuclear spin system via the hyperfine interaction in a weak magnetic field. For this
the sample is illuminated by an unpolarized light, which directly polarizes neither the electrons nor
the nuclei. We predict, that for the electrons bound in localized excitons 100% spin polarization can
be reached in longitudinal magnetic fields of a few millitesla. The proof of principle experiment is
performed on momentum-indirect excitons in (In,Al)As/AlAs quantum dots, where in a magnetic
field of 17 mT the electron spin polarization of 30% is measured.
As the quantum computation era is believed to ap-
proach [1], the investigations of the underlying physics
drastically intensify. Particular attention is focused on
the spin dynamics of localized electrons in semiconduc-
tor nanostructures [2], which is at the heart of vari-
ous quantum computation and quantum cryptography
schemes [3, 4]. Ultrafast optical orientation [5–7], manip-
ulation [8–10] and readout [11–13] were already demon-
strated for the single electrons confined in quantum dots
(QDs).
There are two main approaches to spin orientation in
nanostructures: optical spin orientation [14] and thermal
spin polarization in magnetic field. The first one does
not require the external magnetic field as it is based on
the transfer of the angular momentum from circularly
polarized photons to electrons through the spin-orbit in-
teraction. The second approach does not require optical
excitation. It needs lowering of the lattice temperature,
so that the thermal energy becomes smaller than the elec-
tron Zeeman splitting.
In this Letter, we suggest another approach, which we
call the dynamic electron spin orientation. Generally,
this concept applies to localized electrons exposed to un-
polarized optical excitation. It requires: (i) a fine struc-
ture splitting of a photogenerated electron-hole pair with
different lifetimes of the individual levels and (ii) that
these levels are mixed by the random Overhauser field,
i.e. the local magnetic field caused by the fluctuations of
the host lattice nuclear spins. In III-V and II-VI semi-
conductors, the hyperfine interaction with nuclei is most
pronounced for electrons, while for holes it is an order
of magnitude weaker [2]. The typical value of the ran-
dom Overhauser field scales with the localization volume
V as 1/
√
V . Therefore, for delocalized or weakly bound
states the hyperfine interaction is negligible, while for
electrons in QDs it plays the main role in the spin dy-
namics. We predict, that application of a weak external
magnetic field of the order of the random Overhauser
field (a few mT) induces an electron spin polarization,
that can reach 100%.
In contrast to the optical spin orientation, the pro-
posed mechanism does not require circular polarization
of the optical excitation. In contrast to the thermal spin
polarization we consider weak magnetic fields, for which
the electron Zeeman splitting is much smaller than the
thermal energy. Our approach does not require the res-
onant excitation of specific states, e.g. as in spin orien-
tation protocols with Λ-scheme [15]. The dynamic elec-
tron spin polarization is based on the violation of the de-
tailed balance (the equality of the rates of the direct and
reverse processes) between spin flips in nonequilibrium
conditions in weak magnetic fields. We call this effect
“dynamic electron spin polarization”, in similarity with
the dynamic nuclear spin polarization gained in nonequi-
librium conditions in weak magnetic fields [16, 17].
The proposed concept is applicable to various sys-
tems. Here, we theoretically describe and experimentally
demonstrate the dynamic spin polarization of electrons
in excitons. It is most pronounced for excitons with the
long lifetimes and small splittings between bright and
dark states. These conditions are valid for the excitons
that are indirect either in real or in momentum space. As
a test bed we use momentum indirect excitons confined
in (In,Al)As/AlAs QDs, where we get an electron spin
polarization of 30% in a magnetic field of 17 mT.
Microscopic mechanism—We consider an exciton lo-
calized in a QD, which consists of an electron with spin
projection on the growth z-axis Sz = ±1/2, and the
heavy hole with spin Jz = ±3/2 [18], Fig. 1(a). We
neglect the possible valley degeneracy of the states as
well as the interaction between the excitons. The exci-
ton Hamiltonian in the external longitudinal magnetic
field B = (0, 0, Bz) (Faraday geometry) has the form
H = geµB(B +BNf)S + ghµBBzJz − 2
3
δ0SzJz. (1)
Here ge and gh are the electron and hole longitudinal g
factors, respectively, µB is the Bohr magneton, BNf is
2the random Overhauser field, S is the spin of electron
in exciton. The exchange interaction splits the four ex-
citon states by δ0 into two upper bright states with the
total spin Fz = Sz + Jz = ±1 and the lower dark ones
with Fz = ±2. The exciton fine structure is sketched in
Fig. 1(b). The bright excitons can radiatively recombine
and have the lifetime τb, while the radiative recombina-
tion of the dark excitons is spin forbidden. We account
for the short-range exchange interaction only and neglect
the long-range one. We also neglect the hole hyperfine
interaction, which is small due to the p-type of the Bloch
wave functions [2]. The key difference of our model with
the standard description of the exciton states [18, 19] is
the hyperfine interaction of electrons in excitons with nu-
clei, which can be comparable with the exciton exchange
splitting δ0.
The typical time scale of the nuclear spin dynamics
is milliseconds, so BNf can be considered as “frozen”
for short times [2, 20, 21]. This makes the electron spin
relaxation non-Markovian (due to the long nuclear spin
memory time), which, as we demonstrate below, leads
to the dynamic electron spin polarization. The elec-
tron spin precesses in the total magnetic field Btot =
B+BNf +Bexch, see Fig. 1(a). Here the exchange field
Bexch is directed along the heavy hole spin quantization
axis z: Bexch,z = −(2/3)δ0Jz/(geµB) [22]. The electron
spin precession can be described as a classical precession
of the magnetic moment, but the exchange field Bexch is
essentially quantum. It can not be described in the mean
field approach, but must be treated as a quantum opera-
tor with the two eigenvalues with the opposite signs [see,
e.g. Eqs. (2) below].
The exciton spin dynamics with account for the inco-
herent processes can be described in the density matrix
formalism. For simplicity, we consider only two such pro-
cesses: exciton nonresonant generation with the rate G
and bright exciton recombination with the time τb. The
more elaborate model of the spin dynamics is described
in Ref. 23. Moreover, we assume that the electron spin
precesses around Btot much faster than the bright exci-
ton recombines, so the average electron spin is parallel
to Btot. We denote the total occupancies of the states
with Fz = +2,+1 (−2,−1) as N+ (N−), and intro-
duce the average electron spins S±‖ in the corresponding
Hilbert spaces. The kinetic equations for these quantities
read [23]
dN±
dt
=
G
2
− N
±
2τb
±
S±‖ cos(θ±)
τb
, (2a)
dS±‖
dt
= −
S±‖
2τb
± N
± cos(θ±)
4τb
, (2b)
where θ± are the angles between Btot and the z-axis in
the corresponding Hilbert spaces.
FIG. 1. (a) Sketch of the QD (yellow) with randomly ori-
ented nuclear spins (green arrows) and the spins of electron
(red) and hole (blue) in a localized exciton. The electron
spin precesses in the total field Btot. (b) Fine structure
of the exciton levels with electron and heavy hole spins de-
noted by red and blue arrows, respectively (for gh = 0 and
Bexch > Bz ≫ ∆B). The splitting of the bright (Fz = ±1)
and dark states (Fz = ±2) due to the exchange interaction is
changed in the external magnetic field by EZ = geµBBz. As
a result, the rates of nuclei-assisted spin flips in these pairs
of states (green arrows) are different. (c) Electron spin po-
larization degree as a function of the external magnetic field
for the different exchange interaction strengths indicated in
the legend, calculated after Eq. (S8) with the parameters
geµB∆Bτb/~ = 10
3 and τ es /τb = 10
3 (see Ref. [23]).
In the steady state we solve Eqs. (2) and obtain the av-
erage electron spin along the z axis Sz =
∑
± S
±
‖ cos(θ±).
For a QD ensemble the spin polarization has to be aver-
aged over the Gaussian distribution function of the ran-
dom Overhauser field ∝ exp
(
−B2Nf/∆2B
)
with ∆B de-
scribing the dispersion [20]. ∆B depends only on the
hyperfine interaction constant and QD volume. After
averaging we obtain the simple expression for the degree
of the dynamic electron spin polarization (see Eq. (S6)
in Ref. 23)
Pe =
−2BzBexch
B2exch +∆
2
B/2 +B
2
z
. (3)
This is the main theoretical result of this Letter.
In Fig. 1(c) we show the electron spin polarization as a
function of Bz calculated in the extended model account-
ing for the finite bright and dark exciton lifetimes [23].
Noteworthy, it agrees with the simple Eq. (3) within 25%
accuracy. Generally, the electron spin polarization is an
3odd function of Bz in agreement with the time rever-
sal symmetry. The polarization reaches maximum at
Bz ≈
√
∆2B/2 +B
2
exch and vanishes in large magnetic
fields. This is in stark contrast with the thermal spin po-
larization, which monotonically saturates in strong fields.
We note, that the fact, that Pe stays finite in the limit
of small random Overhauser field, ∆B → 0 is related
with the above mentioned assumption, that the spin pre-
cession frequency in Btot is faster, than the bright ex-
citon recombination. If the exchange splitting exceeds
the typical hyperfine interaction energy (or equivalently
Bexch & ∆B), then the electron spin polarization can
approach 100%.
Let us qualitatively describe the origin of the dynamic
electron spin polarization. The bright excitons recom-
bine during the characteristic time τb, while the dark
excitons can recombine only due to the nuclei-assisted
mixing with the bright states. The transverse compo-
nents of the random Overhauser field BNf,x and BNf,y
lead to the electron-nuclear spin flips. The larger the
energy difference, between bright and dark states, the
smaller the mixing. Note, that this is in contrast with
the phonon assisted spin relaxation and is a direct conse-
quence of the non-Markovian spin relaxation. Thus, one
can see from Fig. 1(b), that the mixing is different for the
dark states with Fz = −2 and +2, so one of them recom-
bines faster. Noteworthy, this requires both: exchange
splitting between bright and dark states and the longitu-
dinal magnetic field [23]. The difference in the lifetimes
of the exciton states with spin-up and spin-down electron
results in the dynamic polarization of electron spin.
If the bright exciton lifetime is shorter than the typical
spin precession period in the random Overhauser field,
τbgeµB∆B/~ ≪ 1, then the bright exciton states have
large homogeneous broadening, and this leads to the sup-
pression of dynamic electron spin polarization. In the op-
posite limit, we can use perturbation theory to calculate
the lifetimes of the dark excitons with Fz = ±2:
1
τ±2
=
1
τb
B2Nf,x +B
2
Nf,y
(Bz +BNf,z ∓Bexch)2 . (4)
The smaller BNf,x and BNf,y, the longer τ±2, so they
can be much longer than τb. In the steady state the oc-
cupancies of the dark states are N±2 = (G/4)τ±2, which
are on average much larger than the occupancies of the
bight states. As a result, the polarization degree of elec-
tron spins is (N+2 − N−2)/(N+2 + N−2), which yields
Eq. (3). The spin polarization degrees of electrons, holes
and excitons in this case coincide.
From the above derivation it follows that for pulsed ex-
citation, the dynamic polarization will arise not immedi-
ately, but with a delay, e.g., only after the recombination
of the bright excitons. This is in stark contrast with the
usual optical orientation.
To summarize the theory predictions, the dynamic
electron spin polarization for excitons requires: (i) The
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FIG. 2. (a) Dynamics of PL circular polarization degree mea-
sured at Bz = 17 mT and T = 2 K, the integration time
is 5 µs. Vertical lines show time-integration windows for
panel (b). Blue line is a fit after Eqs. (2) with parameters
∆B = 28 mT, Bexch = 6.6 mT and τb = 2 µs. The inset shows
the band diagram of the momentum-indirect (In,Al)As/AlAs
QDs. (b) Magnetic field dependencies of the polarization de-
gree measured at: 0.7 µs (green stars) and 70 µs (red cir-
cles) with the integration windows of 1 µs and 100 µs, respec-
tively. Blue line is a fit after Eq. (3) with ∆B = 28 mT and
Bexch = 5.5 mT.
exciton lifetime to be longer, than the typical electron
spin precession period in the random Overhauser field,
τbgeµB∆B/~ > 1. (ii) The exchange interaction between
electron and hole to be smaller than the thermal energy.
Otherwise, the dynamic electron spin polarization mech-
anism will smoothly transform into the thermal spin po-
larization [23, 24]. Both requirements can be met using
separation between electron and hole either in real or in
momentum space.
Experiment—For experimental demonstration of the
suggested mechanism we choose the momentum-indirect
(In,Al)As/AlAs QDs. Recently, we showed that in these
QDs at low temperatures the exciton spin relaxation is
dominated by the hyperfine interaction with ∆B being
a few millitesla [25], while the exciton lifetime reaches
hundreds of microseconds [26, 27]. The QDs have type-I
band alignment (both electron and hole are localized in-
side the QD) [28, 29]. In large QDs the lowest electron
and hole states are in the Γ valley, so the excitons are
momentum-direct [23], but with the decrease of the QD
size the Γ-valley of the conduction band shifts to higher
energies faster than the X-valley, due to the smaller ef-
fective mass and the strain [29]. As a result, the electron
4ground state in small QDs is in the X valley, see inset in
Fig. 2(a), so the excitons in these QDs are momentum-
indirect. These excitons, nevertheless, have finite radia-
tive lifetime due to their mixing with the direct excitons
at QD interfaces. The spectral distribution of exciton
lifetimes allows us to identify the indirect QDs in the in-
homogeneous ensemble [23]. For photoluminescence (PL)
studies we used nonresonant pulsed optical excitation at
3.49 eV by linearly polarized light. In absence of the
magnetic field the exciton PL is unpolarized.
To dynamically polarize electron spins, we apply the
longitudinal magnetic field of 17 mT (Faraday geome-
try). In Fig. 2(a) we show the PL circular polarization
as a function of time, detected at the energy of 1.70 eV
(see Ref. [23] for the details). The degree of circular po-
larization is defined as Pc = (I+ − I−)/(I+ + I−) where
I± are the intensities of σ
± polarized emission. The po-
larization appears with a delay of 15 µs after the pump
pulse and saturates after 100 µs. It is in line with model
prediction, that the dynamic polarization appears only
after recombination of the bright excitons. Noteworthy,
the PL stays polarized up to 1 ms.
The magnetic field dependence of the dynamic po-
larization integrated for two time windows is shown in
Fig. 2(b). This is the main experimental result of this
Letter. The absolute value of Pc(Bz) increases in weak
fields, reaches maximum of about 0.3 at Bz = 17 mT,
and then monotonously decreases tending to zero in high
fields. Fitting this dependence with Eq. (3) we find two
parameters: ∆B = 28 mT and Bexch = 5.5 mT. The
strength of the hyperfine interaction is in good agree-
ment with measurements of optical spin orientation in
transverse and longitudinal magnetic fields in a similar
sample [25, 30], which supports our interpretation. Using
the electron g factor ge = 2 [31, 32], we find the split-
ting between bright and dark states δ0 = 0.6 µeV. This
is an unusually small value, which we verified by the PL
dynamics in weak transverse magnetic fields [23].
To evidence the role of the thermal spin polarization,
we measured the polarized PL in magnetic fields up to
10 T. The results are shown by the red diamonds in
Fig. 3(a). One can see, that the dynamic electron spin
polarization takes place in fields ∼ 10 mT only, while the
thermal polarization appears in fields larger than 1 T and
has the opposite (positive) sign.
The blue circles in Fig. 3(a) show for comparison the
PL polarization for an ensemble of negatively charged
(In,Al)As/AlAs QDs, see details in Ref. [23]. Pho-
toexcitation of singly-charged QDs generates negatively
charged excitons (trions) [27]. In its ground singlet state
the electron-hole exchange interaction is absent and,
therefore, dynamic electron spin polarization in weak
fields does not form, in agreement with the theory. In the
same time, the thermal spin polarization has the negative
sign [27], opposite to the exciton thermal polarization.
Note, that the excitation of the triplet trion state would
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FIG. 3. (a) PL circular polarization degree as a function of
the longitudinal magnetic field for excitons (X0) and nega-
tively charged trions (X−). (b) Temperature dependence of
the dynamic polarization of excitons measured in time win-
dow 70 − 170 µs at Bz = 17 mT (magenta stars) and the
thermal polarization at Bz = 10 T (green triangles). The fit
details for both panels are described in Ref. 23. In particular,
the magenta curve in panel (b) is calculated using the same
parameters as for the fit in Fig. 2(a) and an activation law for
the electron spin relaxation time given in the panel.
allow one to observe the dynamic electron spin polariza-
tion for trions and to transfer it to the resident charge
carriers, as we show in Ref. 23.
Additionally, dynamic and thermal spin polarization
differ by their temporal dynamics [23] and temperature
dependencies. The dynamic polarization is temperature
independent, as long as the electron spin relaxation is
dominated by the hyperfine interaction. By contrast, the
thermal polarization is controlled by the factor EZ/kBT
and decreases with raising temperature. This is experi-
mentally proven in Fig. 3(b), where the thermal polariza-
tion at 10 T (green line) decays rapidly with temperature
increase, while the dynamic polarization is constant in
the range 2−7 K. We assume that with further tempera-
ture increase the phonon-assisted electron spin relaxation
time τes shortens, so the dynamic polarization decays at
the time scales longer than τes . As a result, when τ
e
s be-
comes shorter than the delay after the pump pulse, the
spin polarization decreases.
Realization of the dynamic electron spin polarization
in typical direct GaAs QDs is prevented by the large
splitting between bright and dark excitons and by short
exciton lifetimes. These limitations can be overcome in
type-II QDs or core-shell colloidal nanocrystals [33]. An-
other promising platform for the implementation of the
dynamic spin polarization are twisted heterobilayers of
transition metal dichalcogenides. The moire´ pattern in
these structures creates a superlattice potential with the
typical period of about 5 nm [34]. For excitons local-
ized in this potential, the hyperfine interaction leads to
the spin-valley relaxation time of the order of tens of
nanoseconds [35], while the exciton lifetime due to the
confinement and spatial separation of electron and hole
can be as long as 100 ns [34, 36]. The fine stricture of spin
singlet and spin triplet excitons confined in a moire´ po-
5tential remains poorly investigated [37, 38]. Nevertheless,
due to the electron-hole separation in heterobilayers the
fine structure splitting is expected to be small, and can be
of the order of the hyperfine interaction strength. There-
fore we expect the dynamic spin polarization of moire´
trapped excitons.
In the process of the dynamic electron spin polariza-
tion, the angular momentum for the electrons is gained
from the nuclear spin bath via the hyperfine interaction.
This looks surprising, as commonly this interaction is
considered as a source of spin relaxation only [20, 39].
The dynamic electron polarization can be further trans-
ferred to nuclei [40] or magnetic impurities. Additionally,
the dynamic spin polarization can be transferred to the
resident electrons in the charged QDs [23]. The dynamic
electron spin polarization has the following advantages:
(i) It requires weak magnetic fields, which can be easily
modulated. (ii) It uses nonresonant and unpolarized opti-
cal excitation. (iii) It is temperature independent, as long
as the spin relaxation is dominated by the hyperfine in-
teraction. (iv) 100% electron spin polarization is feasible.
All that makes dynamic spin polarization very attractive
for the spin orientation in nanodevices for quantum in-
formation processing.
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S1. EXTENDED THEORETICAL MODEL
We consider the four states of an exciton localized in
a QD with the electron spin Sz = ±1/2 and heavy hole
spin Jz = ±3/2 (z is the QD growth axis). The total
angular momentum is Fz = Sz + Jz = ±1 for the bright
exciton states and Fz = ±2 for the dark exciton states.
The exciton Hamiltonian has the form [Eq. (1) in the
main text]
H = geµB(B +BNf )S + ghµBBzJz − 2
3
δ0szJz. (S1)
Here ge and gh are the electron and hole longitudinal g
factors, respectively, µB is the Bohr magneton, BNf is
the random Overhauser field (assumed to be static), S
is the electron spin, and δ0 is the electron-hole exchange
interaction energy.
We describe the exciton spin dynamics using the den-
sity matrix formalism. The density matrix ρ(t) satisfies
the master equation
dρ(t)
dt
= − i
~
[H, ρ]− L{ρ} , (S2)
where L is a linear superoperator describing the inco-
herent processes. These are the exciton generation with
the rate G, spin relaxation of electrons and holes in ex-
citons with the times τes and τ
h
s , respectively, spin flips
between bright (dark) states with the time τ1 (τ2), radia-
tive recombination of the bright excitons with the time
τR, and nonradiative recombination of the dark excitons
with the time τNR. The density matrix is characterized
by the numbers of the bright and dark excitons, Nb and
Nd, respectively, by the average spin of the electron in
exciton, S, by the heavy hole spin component, Jz , and
by the electron-hole spin correlation
Q =
2
3
SJz . (S3)
These are the time-dependent average values, which can
be calculated as the traces of the corresponding operators
multiplied by the density matrix ρ(t). They satisfy the
following set of kinetic equations [S1]:
dNb
dt
=
G
2
− Nb
τR
+Qz
(
1
τhs
+
1
τes
)
−QyΩx +QxΩy, (S4a)
dNd
dt
=
G
2
− Nd
τNR
−Qz
(
1
τhs
+
1
τes
)
+QyΩx −QxΩy, (S4b)
S2
dSx
dt
= −Sx
(
1
2τb
+
1
2τd
+
1
τes
)
− SyΩz + SzΩy +Qy δ0
~
, (S4c)
dSy
dt
= −Sy
(
1
2τb
+
1
2τd
+
1
τes
)
+ SxΩz − SzΩx −Qx δ0
~
, (S4d)
dSz
dt
= −Sz
τes
− Sz − Jz/3
2τb
− Sz + Jz/3
2τd
− SxΩy + SyΩx, (S4e)
dJz
dt
= −Jz
τhs
− Jz − 3Sz
2τb
− Jz + 3Sz
2τd
, (S4f)
dQx
dt
= −Qx
(
1
2τb
+
1
2τd
+
1
τes
+
1
τhs
)
−QyΩz +QzΩy + Sy δ0
~
, (S4g)
dQy
dt
= −Qy
(
1
2τb
+
1
2τd
+
1
τes
+
1
τhs
)
−QzΩx +QxΩz − Sx δ0
~
, (S4h)
where 1/τb = 1/τR + 1/τ1, 1/τd = 1/τNR + 1/τ2, and
Ω = geµB(B +BNf)/~. Note that Qz = (Nd − Nb)/2,
as follows from Eq. (S3). Note also, that in the main
text we use a simplified model and, in particular, ne-
glect the exciton spin flip time τ1, so that τb = τR in the
main text. The solution of these equations allows one to
describe the dynamic electron spin polarization, for ex-
ample, in the steady state. For pulsed excitation these
equations should be solved with zero initial conditions
except for Nb = Nd = N/2 with N being the total num-
ber of the created excitons, because the density matrix
immediately after the pump pulse is proportional to the
identity matrix.
The random Overhauser field, BNf , is different for the
different QDs, so the solution of the kinetic equations
should be averaged over its distribution function
F(BNf ) = 1
(
√
pi∆B)3
exp
(
−B
2
Nf
∆2B
)
. (S5)
The electron spin polarization degree is given by
Pe =
2 〈Sz〉
〈Nb +Nd〉 , (S6)
where the angular brackets denote the averaging with the
distribution function (S5). The intensities of the emit-
ted circularly polarized light I± are proportional to the
number of excitons recombining per unit time, and they
should be averaged as well:
I± ∝
〈
Nb
2
± 1
2
(
Jz
3
− Sz
)〉
1
τR
. (S7)
The kinetic equations are greatly simplified if one ne-
glects the exciton spin flips (τ1 and τ2) and the hole
spin relaxation (τhs ). In this limit we introduce N
± =
(Nb + Nd)/2 ∓ Jz/3 and S± = (S ∓ Q)/2, and obtain
from Eqs. (S4) the following kinetic equations:
dN±
dt
=
G
2
− N
±
2
(
1
τb
+
1
τd
)
± S±z
(
1
τb
− 1
τd
)
, (S8a)
dS±
dt
= Ω± × S± − S
±
2
(
1
τb
+
1
τd
+
2
τes
)
± N
±
4
(
1
τb
− 1
τd
)
ez . (S8b)
Here Ω± = geµBBtot/~ are the frequencies of the spin
precession of electron in exciton with the heavy-hole spin
Jz = ±3/2 and Btot = B +BNf − (2/3)δ0Jz/(geµB)ez
with ez being the unit vector along z axis.
Similarly to the main text, let us assume the fast spin
precession, Ω± ≫ 1/τb,d, 1/τes . In this case we arrive at
dN±
dt
=
G
2
− N
±
2
(
1
τb
+
1
τd
)
± S±‖ cos(θ±)
(
1
τb
− 1
τd
)
,
(S9a)
dS±‖
dt
= −
S±‖
2
(
1
τb
+
1
τd
+
2
τes
)
±N
± cos(θ±)
4
(
1
τb
− 1
τd
)
,
(S9b)
where θ± are the angles between Ω
± and ez .
In the limit τs, τd ≫ τb we obtain Eqs. (2) of the main
text:
dN±
dt
=
G
2
− N
±
2τb
±
S±‖ cos(θ±)
τb
, (S10a)
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FIG. S1. Dynamic electron spin polarization as function of
magnetic field. Solid curves are calculated after Eqs. (S8) with
the parameters geµB∆Bτb/~ = 10
3, τ es /τb = 10
3, τd → ∞
and reproduce the curves from Fig. 1(c) of the main text, the
dashed lines are calculated after Eq. (S11) with the exchange
interaction given in the legend.
dS±‖
dt
= −
S±‖
2τb
± N
± cos(θ±)
4τb
. (S10b)
In the steady state we obtain the degree of dynamic elec-
tron spin polarization in exciton [Eq. (3) in the main
text]:
Pe =
−2BzBexch
B2exch +∆
2
B/2 +B
2
z
. (S11)
In Fig. S1 we compare this expression with the ex-
act calculation after Eqs. (S8) with the parameters
geµB∆Bτb/~ = 10
3, τes /τb = 10
3 and τd → ∞. The siz-
able difference between the curves (up to 25%) indicates,
that there are logarithmic corrections to Eq. (S11).
The mechanism of dynamic electron spin polarization
is illustrated in Fig. S2. Here we consider for simplic-
ity gh = 0 and ∆B ≪ Bz. Panel (a) corresponds to
the strong exchange interaction Bexch > Bz similarly
to Fig. 1(b) in the main text. After the pump pulse
the bright excitons quickly recombine during the time
∼ τb. The dark exciton recombination requires the elec-
tron spin flip, which is shown by the green dashed arrows.
The energy difference between the states with Fz = +2
and +1 is smaller than between the states with Fz = −2
and −1, so the spin flips for electrons with Sz = +1/2
are faster than for Sz = −1/2. As a result, the electrons
get dynamically polarized.
Figure S2(b) illustrates the case without exchange in-
teraction Bexch = 0. In this case the energy difference
between the states described above is the same, so the
electron spin flips shown by the green arrows have the
same rate. This demonstrates, that the electron-hole ex-
change interaction is necessary to get dynamic electron
spin polarization.
FIG. S2. Illustration of the mechanism of dynamic electron
spin polarization. (a) Due to the electron-hole exchange in-
teraction δ0 > 0 the spin flips shown by the green arrows
require the different energies. (b) In the absence of exchange
interaction (δ0 = 0) the rates of the spin flips are equal.
Noteworthy, the electron spin flips take place simulta-
neously with the exciton recombination. This process is
possible due to the mixing between electron spin states
by the transverse components of the static random Over-
hauser field. The larger the energy difference between
the spin states, the smaller the mixing. This is a di-
rect consequence of the non-Markovian spin relaxation
(“frozen” nuclear field approximation) and in contrast
with the phonon-assisted spin flips, which are caused by
the quickly fluctuating strain fields acting on the elec-
trons. The spin flip transitions with the absorption or
emission of the same energy have the same rates.
Let us study the dependence of the dynamic electron
spin polarization on the strength of the hyperfine inter-
action and external magnetic field. In Fig. S3 we con-
sider Bexch = 5 mT and show that the polarization is the
largest, if the hyperfine interaction is weaker, than the
exchange interaction, ∆B < Bexch. In this case the max-
imum spin polarization is reached at B
(max)
z ∼ Bexch.
With increase of the strength of the hyperfine interac-
tion, the maximum spin polarization decreases, when
∆B becomes larger than Bexch, the magnetic field de-
pendence becomes smoother and its maximum shifts to
B
(max)
z ∼ ∆B. Generally, the maximum spin polarization
is reached at
B(max)z =
√
B2exch +∆
2
B. (S12)
The inset in Fig. S3 shows that the same behavior takes
place also for the stronger exchange interaction Bexch =
50 mT, but the corresponding hyperfine field fluctuations
in this case should be stronger in order to decrease the
spin polarization degree. We stress, that for reaching
100% electron spin polarization the nuclear field fluctu-
ations should be small: ∆B < Bexch, on one hand, but
should be the dominant spin relaxation mechanism on
the other hand.
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FIG. S3. Electron spin polarization degree as a function of
the external magnetic field calculated after Eq. (S11) with the
parameters Bexch = 5 mT and ∆B = 2, 20 and 100 mT for the
solid black, red dashed and blue dotted curves, respectively.
The inset shows the calculations for Bexch = 50 mT and ∆B =
10, 100 and 300 mT for the solid black, red dashed and blue
dotted curves, respectively.
S2. EXPERIMENTAL RESULTS
A. Experimentals
The studied self-assembled (In,Al)As QDs embed-
ded in an AlAs matrix (AG3686) were grown by the
molecular-beam epitaxy on a semi-insulating (001)-
oriented GaAs substrate with 400-nm-thick GaAs buffer
layer [S2]. The structure contains one QD layer sand-
wiched between two 70-nm-thick AlAs layers. The nom-
inal amount of deposited InAs is about 2.4 monolayers.
The top AlAs barrier is protected from the oxidation by
the 20-nm-thick GaAs cap layer.
The QDs can be momentum-direct or momentum-
indirect (see Fig. S4(a)) depending on QD size and have
type-I band alignment (both electron and hole are local-
ized inside the QD) [S2] as it is shown in Fig. S4(b).
The photoluminescence (PL) was excited nonreso-
nantly with the photon energy of the laser exceeding the
direct band gap of the AlAs matrix. We used the third
harmonic of a Q-switched Nd:YVO4 pulsed laser with
the photon energy 3.49 eV, pulse duration 5 ns and the
repetition rate 1 kHz [S3]. The excitation was linearly
polarized, and we checked that the direction of the polar-
ization does not affect the presented results, as expected
for the strongly nonresonant excitation. The PL was dis-
persed by a 0.5-m monochromator. For the time-resolved
and time-integrated PL measurements we used a gated
charge-coupled-device (CCD) camera synchronized with
the laser via an external trigger signal. The time be-
tween the pump pulse and the start of the PL recording,
td, could be varied from zero up to 1 ms. The duration
of the PL recording (i.e. the gate window tg) could be
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FIG. S4. Schematic band diagrams of (In,Al)As/AlAs QDs.
(a) Momentum-direct (red) and indirect (blue) excitons con-
sist of an electron in the Γ and X valley, respectively, and a
heavy hole in the Γ valley. (b) Type-I band alignment of QDs
in real space. The X valley has lower energy than the Γ val-
ley in small QDs. The arrow shows the ground state optical
transition. (c) PL spectra of (In,Al)As/AlAs QDs measured
under nonresonant pulsed excitation. The black line shows
the time-integrated spectrum. The red and blue lines show
the spectra integrated within tg = 1 ns immediately after the
pump pulse (td = 0) and within tg = 200 µs with the delay
td = 1 µs after the pump pulse, respectively.
varied from 1 ns to 1000 µs. The signal intensity and the
time resolution of the setup depend on td and tg. The
highest time resolution of the detection system is 1 ns.
The circular polarization degree of the PL is given by
Pc = (I+ − I−)/(I+ + I−), where I+ and I− are the in-
tensities of the σ+ and σ− polarized PL components, re-
spectively. To determine the sign of Pc, we performed the
control measurement on a diluted magnetic semiconduc-
tor structure with (Zn,Mn)Se/(Zn,Be)Se quantum wells.
For this structure, Pc > 0 at Bz > 0 in the Faraday
geometry [S4].
B. Time-resolved photoluminescence
The time-integrated PL spectrum is shown by the
black line in Fig. S4(c). In addition, the red line
shows the spectrum immediately after the pump pulse
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FIG. S5. PL spectra measured in the opposite circular po-
larizations (red in σ+ and blue in σ− polarization) with the
parameters: (a) td = 15 µs and tg = 1 µs; (b) td = 135 µs
and tg = 100 µs.
(td = 0 ns) recorder during tg =1 ns. It demonstrates,
that at the lower energies the exciton recombination is
as fast as several nanoseconds, which corresponds to
the momentum-direct QDs. The blue line shows the
spectrum with the delay td = 1 µs recorded during
tg =200 µs. It illustrates the fact that at higher ener-
gies the exciton recombination takes place on a scale of a
few hundreds of µs, which corresponds to the momentum-
indirect QDs [S3].
C. Polarized photoluminescence
In Figure S5 we show the PL spectra recorded in the
opposite circular polarizations at Bz = 16 mT for the two
sets of parameters: td = 15 µs, tg = 1 µs and td = 135 µs,
tg = 100 µs. One can see that the PL is unpolarized up
to 15 µs, but at later times it gets negatively polarized.
In Figure S6 the green circles and red diamonds show
the PL polarization degree as a function of the longi-
tudinal magnetic field. It is recorded for the two sets
of parameters td = 0.7 µs, tg = 1 µs and td = 70 µs,
tg = 100 µs. For the short delay the circular polariza-
tion is absent at low magnetic fields. It appears for the
magnetic fields above 4 T only and increases up to 0.17
at 10 T. In the same time, for the long delay there is
the negative circular polarization at low magnetic fields
(up to 0.3 at 17 mT), which decreases down to 0 with in-
creasing magnetic field up to 1 T. With further increase
of the field, the positive circular polarization appears for
the magnetic field above 2 T and Pc saturated at 0.52 at
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FIG. S6. Dependencies of Pc on the magnetic field in the
large range from zero to 10 T at short and long time scales
for neutral exciton (X0) at 1.67 eV, as well as at long time
scales for negatively charged trion (X−) at 1.71 eV. The fits
are described in Sec. S3.B.
Bz ≥ 5 T.
For short delays, the PL is related with the recombina-
tion of the bright excitons. In this case, according to the
theory predictions, there is no electron spin polarization
and no circular polarization of the PL in low magnetic
fields. The circular polarization in high magnetic fields
is induced by the thermal spin polarization.
For long time delays the PL is related with the recombi-
nation of the dark excitons through their mixing with the
bright excitons. In this case the dynamic electron spin
polarization takes place and PL is circularly polarized in
small magnetic fields. In the large fields, the differences
of the spin polarization in magnitude and in saturation
(absent for the short times and present for the long times)
show that the spin relaxtion time in high magnetic fields
has a value in the range from 1 µs to 70 µs.
D. Doped QDs
The dynamic electron spin polarization requires the
exchange interaction between electron and hole. This
theoretical prediction can be verified using the QDs with
resident electrons. The optical excitation of theses QDs
leads to the formation of the singlet trions, where the
electron-hole exchange interaction is absent.
We studied the structure with ten layers of (In,Al)As
QDs separated by AlAs barriers with the thickness
30 nm. The QDs were formed during 40 s at the tem-
perature 515◦C. In order to charge them with a single
electron on average, a delta-layer of silicon donors with
the density 1×1012 cm−2 was placed in AlAs layers 2 nm
below each QD layer. A 15-nm-thick GaAs cap layer pro-
tected the top AlAs layer against oxidation.
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FIG. S7. PL spectrum of n-doped (In,Al)As/AlAs QDs. The
arrow shows the energy 1.71 eV, at which the measurement
of the circular polarization were performed, see Fig. S6.
The PL spectrum at temperature T = 2 K for this
structure is shown in Fig. S7. The PL has the maximum
at 1.71 eV and the full width at half maximum approx-
imately 140 meV. The energy position of the PL band
evidences the fact, that the conduction band minimum
in these QDs belongs to the X-valley.
The circular polarization degree of PL was measured
at 1.71 eV for the delay td = 30 µs with tg = 10 µs. It is
shown in Fig. S6 by blue circles as a function of the mag-
netic field. As expected, there is no circular polarization
at low magnetic fields. The polarization appears above
1 T and saturates at −0.92 in the magnetic field of the
order of 10 T. This is the usual thermal spin polarization.
Its negative sign confirms the fact that it is related with
the negatively charged trions.
E. Measurements in the Voight geometry
Since the lifetime of the dark and bright neutral ex-
citon states is very different, the PL dynamics at long
time scales is related with the recombination of the dark
excitons. A transverse magnetic field mixes the dark and
bright exciton states [S5], and accelerates the PL dynam-
ics. The degree of mixing is determined by the ratio of the
exchange splitting of the exciton states and the strength
of the magnetic field.
For the electrons in the X valley, the exchange inter-
action with the hole in the Γ valley is weak [S6]. This
results in the small splitting between the corresponding
bright and dark exciton states. In order to evidence the
fact that this splitting is small, we compare the PL dy-
namics in zero magnetic field and in the weak transverse
magnetic field 15 mT (Voigt geometry). This comparison
is shown in Fig. S8. The dynamics is not exponential due
to a superposition of the multiple monoexponential con-
tributions from the QDs with the different lifetimes [S3].
Nevertheless, one can see that the PL decay becomes
faster in magnetic field due to the mixing of bright and
0 100 200 300 400 500
101
102
103
T = 1.8 K
Voigt geometry
 B = 0
 B = 15 mT
PL
 in
te
ns
ity
 (a
rb
.u
ni
ts
)
Time (ms)
FIG. S8. Dynamics of the total PL of neutral excitons at the
energy of 1.67 eV in the Voigt geometry.
dark exciton states. The PL decreases by the two orders
of magnitude in 0.5 ms in zero field and in 0.26 ms in the
transverse magnetic field.
S3. FIT OF EXPERIMENTAL DATA
A. Dynamic spin polarization
The curve in Fig. 2(a) in the main text is calcu-
lated after the model of Eqs. (S10) with the parameters
∆B = 28 mT, Bexch = 6.6 mT and τb = 2 µs. Note, that
at the delay times shorter than 15 µs, these parameters
yield positive circular polarization degree ∼ 0.05. Exper-
imentally it is not observed presumably because of the
intense PL of bright excitons at these times.
To define the sign of the polarization we use the canon-
ical basis for the circular polarized components of the
electric field [S7]. In this basis the polarization is nega-
tive for the positive magnetic field along z-axis (Bz > 0).
Indeed, from Fig. S2(a) one can see, that in this case the
electron in exciton spin-flip time and dark exciton life-
time are longer for the excitons with the heavy hole spin
Jz = −3/2: τ−2 > τ+2, see Eq. (4) in the main text.
This is because the larger is the energy separation be-
tween the states, the weaker is the nuclei assisted mixing
of the exciton states. As a result, at long times the σ−
PL prevails for Bz > 0 resulting in Pc < 0.
With temperature increase the spin relaxation of elec-
tron in exciton accelerates. Therefore, to describe the
temperature dependence shown in Fig. 3(b) in the main
text, we use Eqs. (S9) (neglecting the dark exciton re-
combination for simplicity). The decrease of the polar-
ization degree at temperatures above 7 K evidences the
abrupt acceleration of the spin relaxation. To describe
it quantitatively we assume τes = τ
(0)
s exp(−kBT/∆E)
and use τ
(0)
s and ∆E as the fitting parameters. The ma-
genta curve in Fig. 3(b) is calculated with the parameters
∆B = 28 mT, Bexch = 6.6 mT, τb = 2 µs, τ
(0)
s = 32 µs
S7
and ∆E = 0.2 meV. This indicates, that the spin relax-
ation at the elevated temperatures can be related with a
thermal population of some higher lying electron state,
for example, in a different X valley.
B. Thermal spin polarization
In the previous analysis we considered four exciton
states. Here to simplify the description of the thermal
spin polarization we consider only two phenomenological
spin states split by geffµBBz in external magnetic field.
The thermal polarization in the steady state is given by
Ps.s. = −P0 tanh
(
geffµBBz
2kBT
)
, (S13)
where 0 ≤ P0 ≤ 1 is the depolarization factor. For the
pulsed unpolarized excitation the time dependence of the
polarization is described by
P (t) = Ps.s. [1− exp (−t/T1)] , (S14)
where T1 is the longitudinal spin relaxation time. The
best description of the experimental results is obtained if
it scales as T1 ∝ B3. This can be related, for example,
with fluctuations of the electric field leading to the spin
relaxation due to the spin-orbit interaction [S8], or with
the random changes of the hyperfine interaction caused
by the piezoelectric electron-phonon interaction [S9]. In
this case we obtain
t
T1
=
(
Bz
B0
)3
coth
( |geff |µBBz
2kBT
)
, (S15)
where B0 depends on the specific spin relaxation mecha-
nism and scales as
B0 ∝ t−1/3 (S16)
with the delay after the pump pulse.
In Figs. S6 and 3(a) in the main text the PL polariza-
tion is shown in the large range of magnetic fields. For the
trions there is no dynamic spin polarization, so the cor-
responding data can be fitted by Eq. (S14), as shown by
the blue curves in Figs. S6 and 3(a) in the main text. The
fit parameters are geff = 1.9, P0 = 0.92, and B0 = 3.7 T.
For the neutral excitons at time delay 0.7 µs there is no
dynamic spin polarization, so the PL polarization is again
described by Eq. (S14). The fit of experimental data is
shown in Fig. S6 by the green curve for the parameters
geff = −1.9, P0 = 0.52, and B0 = 13.5 T. Finally, at the
long delay 70 µs the dynamic and thermal polarization
coexist, but take place in the different ranges of mag-
netic fields, as shown in Figs. S6 and 3(a) in the main
text. Therefore, the polarization is described by the sum
of Eqs. (S11) and (S14). The fit is shown by the red
curves, which are calculated with the same parameters
[including the rescaling of B0 described by Eq. (S16)].
In strong magnetic field of 10 T there is no dynamic
spin polarization, and the spin relaxation time is shorter,
than the delay time, see Eq. (S15). Therefore, the PL
polarization shown in Fig. 3(b) is described by Eq. (S13)
for the steady state with the parameters geff = −0.66
and P0 = 0.69.
S4. COMPARISON OF DYNAMIC ELECTRON
SPIN POLARIZATION WITH OTHER
MECHANISMS
Here we consider alternative mechanisms of the elec-
tron spin polarization, which are documented via the PL
circular polarization. We conclude, that they can not ex-
plain the presented experimental results. Therefore, the
dynamic electron spin polarization is the only possible
explanation.
For linearly polarized excitation, the conversion of the
linear to circular polarization can take place in magnetic
field [S10–S13]. We have checked that the degree of cir-
cular polarization does not change with the rotation of
the pump linear polarization, so this mechanism is irrele-
vant, as expected for the nonresonant excitation. The lin-
ear polarization of excitons could be also provided by the
intrinsic anisotropy (birefringence) of the structure [S14–
S17]. This does not happen in our case because: (i) The
optical spin orientation is observed at quasi-resonant ex-
citation in a very similar sample [S18, S19]. This means
that there is no splitting between the linearly polarized
exciton states. (ii) We have checked, that the linear po-
larization of the PL is almost zero. Therefore, the circu-
lar polarization can not be explained as a result of the
conversion of the linear polarization to the circular one
in magnetic field.
Also, it is known, that the thermal polarization of the
exciton PL can be enhanced in the magnetic fields, which
correspond to the anticrossings in the exciton fine struc-
ture levels [S5, S20]. A similar phenomenon is exploited
for the strain and magnetic field sensors based on the
deep color centers in diamond [S21, S22] and silicon car-
bide [S23, S24]. In our model, the anticrossings of the
levels take place in weak magnetic fields B ∼ Bexch, while
the maximum circular polarization is reached at higher
fields B ∼ ∆B. Note, that in the limit of the strong
exchange interaction, Bexch ≫ ∆B, our model can also
describe the circular polarization at the anticrossings of
the fine structure levels. Therefore, the effect of dynamic
electron spin polarization smoothly transforms to the
thermal spin polarization with increase of the strength
of the exchange interaction and external magnetic field.
For completeness, we note, that the PL circular po-
larization in small magnetic fields was reported for the
phonon-assisted emission lines of excitons in Cu2O [S25].
It was explained by the spin-dependent electron-phonon
interaction in bulk crystals. This mechanism is also ir-
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relevant for our experimental results.
S5. DYNAMIC SPIN POLARIZATION
OF RESIDENT ELECTRONS
Here we consider a singly charged QD. The nonreso-
nant optical excitation leads to the formation of a trion
in the QD. In typical GaAs QDs, the lowest trion state
is the singlet trion, where the two electrons are in the
singlet state. There is no exchange interaction in the sin-
glet trion state and, therefore, the dynamic electron spin
polarization is not possible, which we confirmed experi-
mentally, see Fig. S6. Therefore, the dynamic spin polar-
ization necessarily involves the triplet trion states. They
can be either significantly populated due to the nonres-
onant excitation, or the triplet trion state can be the
ground state in some structures. The latter is relevant,
for example, for the QDs with the valley degeneracy of
the conduction band according to the Hund’s rules. This
situation can be realized for some of the (In,Al)As QDs,
in Si- and Ge-based QDs, as well as in the monolayers
of transition metal dichalcogenides [S26]. In the latter
case, the exciton radiative recombination and electron-
hole exchange interaction can be suppressed using the
heterostructures, where electrons and holes reside in dif-
ferent monolayers [S27], while the hyperfine interaction
for the localized excitons can be quite pronounced [S28].
Below we consider the triplet trion states only, which
play the main role in dynamic spin polarization of resi-
dent electrons. We consider the six triplet trion states in
a QD, as shown in Fig. S9. Here the electron and heavy
hole spins are denoted by the red and blue arrows, respec-
tively, and it is assumed, that the two electrons belong
to the two energy degenerate valleys of the conduction
band and are always in the triplet state. The nonres-
onant and unpolarized optical excitation of the system
leads to the generation of the electron hole pairs. The
corresponding transitions are shown by the black arrows
in Fig. S9. It is assumed, that the photoexcited charge
carriers quickly loose their spins and relax to one of the
triplet trion states. The radiative trion recombination
can bring the system back to the ground state, as shown
by the magenta arrows. We assume, that a hole can re-
combine with both electrons in the trion, for example,
due to the interface mixing between the valleys.
Noteworthy, the radiative recombination is spin forbid-
den for the two lowest trion states where all spins of the
three charge carriers are parallel. These states are shown
by the thicker lines in Fig. S9 and have the total angular
momentum Fz = ±5/2. These states are preferentially
populated in the steady state. The trion in these states
can recombine due to the electron-nuclear spin flips only,
which mix these states with the trion states correspond-
ing to Fz = ±3/2, as shown by the green arrows. In
external magnetic field, the energy difference in the pairs
resident electron states
tr
ip
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FIG. S9. Mechanism of the resident electron dynamic spin po-
larization (for gh = 0) in a singly charged QD via the triplet
trion state. The red and blue arrows denote the electron and
heavy hole spins, respectively. The black arrows show non-
resonant generation of the triplet trions with the rate G. The
magenta arrows show the transitions corresponding to the ra-
diative recombination. The mostly populated trion states are
denoted by the thick lines. The green dashed arrows show the
electron-nuclear spin flips, which lead to the dynamic electron
spin polarization.
of stares with Fz = +5/2,+3/2 and Fz = −5/2,−3/2 is
different by 2EZ . If Bz > 0 and ge > 0, then the trion
with Fz = +5/2 recombines faster than the trion with
Fz = −5/2. Qualitatively, this results in the faster pop-
ulation of the ground electron state with Sz = +1/2, e.g.
in the dynamic spin polarization of a resident electron.
The detailed quantitative analysis of the dynamic po-
larization of the resident electrons will be reported else-
where.
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